I briefly review the construction of the effective field theory of a nonlinearly realized electroweak symmetry breaking and apply it to the study of gauge boson pair production. I will consider WW , ZZ and γZ production at linear colliders as reference illustrative examples. I will show that in all cases a consistent effective field theory treatment allows to encode the dominant new physics effects entirely as gauge-fermion vertex corrections. From naive dimensional analysis one expects these corrections to be at the per mille level. However, they grow with energy, such that at TeV colliders (LHC and futures linear collider facilities) these new physics effects can easily amount to 20% corrections to the production cross sections.
Introduction
Gauge boson pair production is one of the simplest processes to test the triple-gauge structure predicted by the standard model. Based on gauge and Lorentz invariance, general corrections to the vertices can be cast in terms of 7 kinematic invariants for the charge diboson production [1] Most of the existing analyses on gauge diboson production rely on the assumption that triplegauge corrections are the dominant source of new physics effects. However, from the global LEP electroweak fit there is no evidence that other new physics contributions, namely gauge-boson corrections, be suppressed [2] . Actually, at least for the charged diboson production, gauge-fermion corrections are a priori expected to compete with triple-gauge ones. In order to improve and extend the scope of the analysis to cover all possible new physics sources, an effective field theory (EFT) seems the only consistent tool. An EFT selects the relevant physics at a given scale while retaining field theory symmetries. This implies that, as opposed to traditional form-factor analyses, in an EFT approach the triple-gauge parameters above will automatically comply with the standard model symmetries. Here I will work under the assumption that the dynamics underlying electroweak symmetry breaking (EWSB) are of strongly-coupled nature at the TeV scale. The most general EWSB pattern with the minimal particle content is SU (2) L × SU (2) R → SU (2) V , which generates 3 Goldstone bosons (the longitudinal modes of the W and Z) collected in the nonlinear matrix U → g L U g † R . In this scenario, a light scalar field can be added as a singlet [3] .
Over the years, there have been several EFT-inspired analysis of gauge boson pair production. However, a full-fledged EFT analysis was lacking, mostly because the systematics of the associated power-couting were unclear. These issues were clarified in [4] and the full characterization of NLO operators was given. Subsequent applications of the formalism were given for charged [5] and neutral [6] gauge boson pair production. In the following I will briefly review the content of those three papers. I will show that the interplay of EFT techniques and the high-energy window accessible at LHC and linear colliders provides a rather simple picture for the new physics searches in WW , ZZ and γZ production.
EWSB from strongly-coupled dynamics
When EWSB is originated from strongly-coupled interactions, the standard model Lagrangian can be seen as a nonlinearly-realized effective theory, valid up to a dynamically-generated new physics scale Λ ∼ 4πv ∼ 3 TeV, whose leading-order term is
One can show that the degree of divergence ∆ of each diagram generated from L LO is given by [4] [4] for details). Since d is bounded from above, this leads to a consistent power-counting, i.e. the number of counterterms at any order is finite. With U, ψ, X as shorthand notations for Goldstone, fermion and gauge fields, one can show that at NLO there are 6 classes of operators, denoted as
New physics in gauge diboson production
As an application, one can consider the new physics effects inf f → WW, γZ, ZZ. In the unitary gauge, the leading new physics in WW production can be described diagrammatically as corrections to the s and t-channel standard model (SM) tree level contributions. For the neutral case, instead, corrections affect the t, u-channel SM diagrams, but also generate s-channel and contact term contributions (see Fig 1) . These direct contributions to gauge-fermion and triplegauge vertices however do not exhaust new physics effects, which also shift the gauge boson kinetic terms and the fundamental standard model parameters m Z , α em , G F . At NLO, the relevant subset of operators for the direct and indirect contributions comes from the classes X 2 U , ψ 2 U D and ψ 4 U . It reads
where
are oblique and triple-gauge corrections, are gauge-fermion new physics contributions and [7] . By canonically normalizing gauge kinetic and SM parameters, the net effect is a shift in the gauge-fermion vertices
where ζ 
η L,R collect the full left and right-handed contributions to Z gauge-fermion corrections. A similar expression holds for δ φ L [5] . For WW production, O X1−6 appear as direct contributions to the triple-gauge vertices. In contrast, for ZZ and γZ production, there is no triple-vertex contribution at NLO and instead one has to go to NNLO. There are 8 operators in ψ 2 U X D that contribute to neutral triple-gauge vertices (J
Signatures at LHC and linear colliders
The existence of a large energy gap between the electroweak and new physics scales is precisely the motivation to adopt an EFT viewpoint. In this work we are aiming at the energy window √ s ∼ (0.6 − 1) TeV, which can be easily achieved at the LHC and linear colliders. In this regime v 2 ≪ s ≪ Λ 2 and consequently (i) an expansion of the cross sections in powers of v 2 /s is allowed; and (ii) good convergence of the EFT expansion (in s/Λ 2 ) is expected.
In this fiducial regime, the interference between the Standard Model and the new physics contribution in WW production can be easily computed and results in [5] 
which can be entirely cast in terms of gauge-fermion new physics operators. Working out the different final-state polarizations, one actually learns that the previous results come entirely from the W L W L production. The result can be best understood by looking at Goldstone boson production in Landau gauge (see Fig. 2 ). New physics contributions come from the contact terms (central diagram), which are generated by the gauge-fermion operators.
A key observation to obtain Eq. (4.1) is that commonly used triple-gauge operators:
are actually redundant and can be expressed in terms of oblique parameters and gauge-fermion operators. These redundancies have been known for a while [8] , but never used in phenomenological studies. In the large-s limit, the oblique operators are 'projected out' and the role of the rightmost O X7−9 -induced diagram in Fig. 2 is equivalent to the central gauge-fermion-induced contact terms.
For neutral gauge boson pair production, the first thing to notice is that the operators we listed at NNLO are not in the form of triple-gauge corrections. However, using the equations of motion for the gauge fields one can rewrite them as
This means that the s-channel diagram in Fig. 1 is redundant: fermionic contact terms already capture the relevant new physics in neutral triple-gauge vertices. However, as emphasized before, these operators are NNLO and their detection thus becomes rather challenging. Fortunately, final-state polarizations can be used to disentangle these suppressed new physics effects from the dominant standard model prediction. One actually finds
s Wc jW + c Wc jB es 2W (4.4) which shows that, although suppressed, the LT channel turns out to be a remarkably clean probe of anomalous neutral triple-gauge vertices.
Conclusions
The systematics of the EFT description of a strongly-coupled EWSB have been reviewed and applied to both charged and neutral boson pair production. I have shown that a full-fledged EFT analysis in the regime v 2 ≪ s ≪ Λ 2 allows general new physics effects (including anomalous triplegauge vertices) to be entirely encoded in gauge-fermion corrections. This applies to both charged and neutral pair production as a consequence of straightforward application of the equations of motion. However, their phenomenological signatures are rather distinct: in WW production, new physics effects are s-enhanced with respect to the standard model cross section through the LL final-state polarizations. In contrast, for ZZ and γZ production, new physics operators are extremely suppressed in the unpolarized cross section but neatly dominate the LT final-state polarizations. In both cases, the effects can easily reach the 20% corrections in the unpolarized and LT-polarized cross sections, respectively, for energies in the range √ s ∼ (0.6 − 1) TeV.
